A practical and efficient disposal of PCBs (polychlorinated biphenyls) in waste transformer oil by a chemical dechlorination process has been reported. The transformer oil containing commercial PCB mixtures (Aroclor 1242, 1254 and 1260) was treated by the required amounts of PEG 600 (polyethylene glycol 600), potassium hydroxide (KOH) and aluminum (Al), along with different reaction temperatures and times. The reaction of PEG with PCBs under basic condition produces arylpolyglycols, the products of nucleophilic aromatic substitution. The relative efficiencies of PCB treatment process were assessed in terms of destruction and removal efficiency (DRE, %). Under the experimental conditions of PEG600/KOH/Al/100 o C/2hr, average DRE of PCBs was approximately 78%, showing completely removal of PCBs containing 7-9 chlorines on two rings of biphenyl which appear later than PCB no. 183 (2,2',3,4,4',5',6-heptaCB) in retention time of GC/ECD. However, when increasing the reaction temperature and time to 150 o C and 240 min, average DRE of PCBs including the most toxic PCBs (PCB no. 77, 105, 118, 123 and 169) in PCB family reached 99.99% or better, with the exception of PCB no. 5 and 8 (2,3-diCB and 2,4'-diCB). In studying the reaction of PEG with PCBs, it confirmed that the process led to less chlorinated PCBs through a stepwise process with the successive elimination of chlorines. The process also permits complete recovery of treated transformer oil through simple segregating procedures.
Introduction
PCBs are structurally defined by chlorine substitution of one to ten on the two rings of biphenyl. These chemicals were considered commercially valuable and produced in large quantities for the period 1929 to 1976. The total worldwide production through 1976 has been estimated to be 6.1 × 10 8 kg, of which about 93% were produced by Monsanto corporation in the United States. 1 Commercial PCB mixtures by Monsanto corporation were marketed under the registered trade-mark of Aroclor and used in a wide variety of applications, including dielectric fluids in transformers and capacitors, heat transfer fluids, plasticizers, lubricant inks, paint additives, and adhesives. [2] [3] [4] [5] However, their physicochemical properties related with the resistance to breakdown by acids, bases, heat, and hydrolysis have led these chemicals to ubiquitous environmental pollutants. Not surprisingly, they have been identified in almost every compartment of the global ecosystem. [6] [7] [8] [9] A PCB-containing product class used in transformers is askarel. The most common transformer askarel was mainly consisted of 60% Aroclor 1260/40% trichlorobenzene (type A) and 70% Aroclor 1254/30% trichlorobenzene (type B). 9 It was reported that approximately 300,000 waste transformers have been discharged in Korea since 2000. In addition, a large number of transformers with the cross-contamination of mineral oil with PCBs still remain in operation. As a party to an agreement of Stockholm on May 17, 2005 by the United Nations Environment Program (UNEP), the Korean government recently passed the Act of the Waste Management, which specifically regulates the PCB-contaminated materials. The regulation prohibited manufacture, processing, commercial distribution or use of PCBs in open system and promulgated that such waste transformers with PCB concentrations exceeding the regulatory limit set (2 ppm) must be disposed of properly.
Disposal of PCBs has been so far addressed through various approaches. The most conventional approach is high temperature controlled incineration. 10, 11 The incineration technology is quite effective for destruction of PCBs. However, it is hampered by the disposal costs and the exclusion of reusable materials, as well as by highly toxic by-products such as polychlorinated dibenzo-p-dioxins (PCDDs) and polychlorinated dibenzofurans (PCDFs). Another approaches involve pyrolysis, chemical methods (adsorption, catalytic hydrodechlorination, ozonation, ultrasonic, photolytic, wet air oxidation, reaction with a sodium salt in amine solvent, and etc.), [12] [13] [14] [15] supercritical water oxidation (SWO), 16 and microbial degradation. 17, 18 Among these methods, catalytic hydrodechlorination has been recognized as a promising technology due to its easy and simple procedures. [19] [20] [21] However, most of the catalytic hydrodechlorination processes have been carried out in various organic solvents. Such process consumes plenty of organic solvents that are volatile and toxic. Moreover, the removal efficiency of PCBs is still far from satisfaction.
The present study is concerned about a comprehensive evaluation of an alternative chemical dechlorination process. Chlorines from PCBs are removed, as shown in below, by poly(ethylene) glycol acting as a nucleophile in reaction with PCBs under the basic condition. This process has proven to be practical and highly cost-effective for disposal of PCBs directly in transformer oil and the recovery of the treated oil. Furthermore, the process avoids the use of potentially dangerous alkali metals and alkali metal oxides being generally employed as catalysts.
Experimental Section
Materials and methods. A sample of waste transformer oil was obtained from a power plant in Korea. An aliquot of oil was withdrawn and analyzed for PCBs according to the procedures described in Figure 1 . It was observed that any PCBs were not present in transformer oil above 5 ppb of detection limit. For this reason, chemical dechlorination process was accomplished with fresh transformer oil artificially loaded with commercial PCB mixtures of Aroclor 1242, 1254, and 1260 (Accustandard, Inc., USA). Transformer oil was contaminated with 100 ppm of PCB mixtures. Chemical reagents consisting of a polyethylene glycol 600 (PEG 600), a potassium hydroxide (KOH), and an aluminum (Al), purchased from Samchun Pure Chemical Co. Ltd., Korea, were prepared for decontamination of PCB-laden transformer oil. PEG was used to remove chlorines from PCBs in oil under basic condition. The soild KOH was ground to a powder before use. Al was utilized as a dechlorination accelerator. The chemical dechlorination process reported here is as follows:
During the process, the mole ratios of PEG 600 and chlorine content of PCBs in oil were varied from 11.42:1 to 57.1:1. The concentrations of KOH and Al were 3.0% and 2.0% (w/w basis) relative to oil, respectively. Figure 2 presents a batch-type reactor, which was made of a double jacketed glass, for disposal of PCBs. A magnetic stirrer with two bladed impellers was installed to provide efficient mixing of the chemical reagents and oil. Nitrogen was used to prevent oxidative degradation of the transformer oil. The reaction mixture was heated to the desired reaction temperatures by adjusting the temperature of the hot oil in the outer jacket. As the reaction runs, reaction mixture gradually turned to a darkening color and sludge. Aliquots of the reactor content were removed periodically and submitted for PCB analysis. 
Results and Discussion
Identification of PCB congeners in PCB mixtures. A GC chromatogram of commercial PCB mixtures (Aroclor 1242, 1254, and 1260) added into transformer oil was obtained with a ZB-5 column and an ECD, as shown in Figure 3 . Previous to instrumental analysis of PCBs, sample treatment of transformer oil containing PCBs was extremely tedious and time-consuming because the oil was unclean, therefore the cleaning steps such as florisil and silica gel were required. Furthermore, qualitative analysis of each PCB congener was also significantly complicated due to the large number of PCB congeners and/or isomers present in commercial PCB mixtures.
In total, 74 chromatographic peaks were identified, each of which contained either a well-resolved peak or a cluster of unresolved peaks. A total of 123 PCB congeners including the presence of co-eluted congeners were found in PCB mixtures on the basis of the relative retention times and listed on the chromatographic peak to which they belong. Out of these congeners, any congeners gave hardly any detectable signal. The numbers listed here were in accordance with IUPAC rules. 22 The individual PCB mixtures are different in substitution patterns and the degree of chlorination. For instance, Aroclor 1242 comprises almost entirely congeners with between 2 and 5 chlorine atoms on the two rings of biphenyl, whereas the PCB congeners consisting Aroclor 1254 and Aroclor 1260 have 4-7 and 5-9 chlorine atoms, respectively. In addition, the retention times of each PCB mixture by GC/ECD were typically detected in order of Aroclor 1242, Aroclor 1254, and Aroclor 1260.
Disposal of PCBs by chemical dechlorination process at different reaction conditions. In this work, the effect of reaction temperature assisted chemical dechlorination process was studied for removal of PCBs in transformer oil. Therefore, amounts of reactants, reaction time, and rate of mixing were all kept constant during the run. During the reaction of PEG/KOH with PCBs, PEG serves as a nucleophile under basic condition which attack a partially positive charged carbon on benzene, resulting in leaving a chlorine. Aluminum plays a role in accelerating dechlorination. The chemical reaction process was somewhat slow due to the high viscosity of transformer oil, despite vigorous mechanical stirring for the indicated time. The reaction mixture gradually appeared to be a homogeneous and black sludge during the process runs. The performance of this study was assessed in terms of the destruction and removal efficiency (DRE) of PCBs. DRE value was expressed as percentage. Average DREs of PCBs were determined by comparison of relative peak area corresponding to the starting PCB mixtures. The numbers and height of PCB congeners in Figure 4B However, when increasing the reaction temperature to 100 o C, the PCB compositions of Figure 4C obtained were no longer similar to those of Figure 4A and 4B, and Figure 3 as a starting composition of PCB mixtures. The % average DRE achieved at 100 o C reached 77.94%, showing complete removal of PCB congeners containing mostly 7-9 chlorines on two rings of biphenyl which appear later than PCB no. 183. The trend suggests that Aroclor 1260 could be more rapidly removed, along with significantly reducing the concentration of PCBs, than Aroclor 1242 in a PEG/KOH/ PCBs system. Such patterns obviously confirmed that the chemical reaction of PCBs and PEG under basic condition takes place essentially through the successive elimination of higher chlorinated PCBs preferentially.
Certain non-and mono-ortho PCB congeners, which possess coplanar geometry, are responsible for their high toxicity. 23 Throughout the commercial PCB mixtures, the toxic PCB congeners such as PCB no. 77 (3,3',4,4'-tetraCB), 105 (2,3,3',4,4'-pentaCB), 118 (2,3',4,4',5-pentaCB), 123 (2',3,4,4',5-pentaCB) and 169 (3,3',4,4',5,5'-hexaCB) were identified. The DRE of each toxic PCB congener was increased with increasing the reaction temperature. However, when compared Figure 4A , 4B, and 4C each other, it was interesting that the peak height of PCB no 169 became taller at temperature condition of 50 o C and then completely disappeared at 100 o C. The performance of PEG/PCB system in basic medium was also evaluated with different reaction time. The following parameters such as the rate of mixing, reaction temperature, and amounts of reagents therefore remained constant Figure 5 . Figure 5A (150 o C, 30 min) was no longer analogous to their original formulation of starting PCB mixtures as shown in Figure 3 . Only lower chlorinated 12 PCB peaks, such as PCB no. (90, 101), PCB (65, 95), (PCB 41, 84), and etc. consisting of Aroclor 1242, were found in treated transformer oil, together with a significant decrease in peak height of PCBs and the average DRE obtained was 99.46%, as listed in Table 2 . At 150 o C and 60 min, the numbers and peak height of residual PCBs in transformer oil were more decreased than those of the conditions above-mentioned. The average DRE reached 99.73%, and it showed that some PCB congeners such as PCB no. (90, 101), (41, 64), (49), (22, 51) , and (20, 33, 53) disappeared preferentially.
In order to improve the destruction and removal efficiency of PCBs, the reaction time was further extended. As a result, a little higher % DRE (99.93%) was achieved at conditions of 120 min and 150 o C compared to that in the case of 60 min and 150 o C. All the remaining PCB peaks in treated transformer oil were the following: PCB no. (5, 8) , (15, 17, 18) , and (28, 31). The best results were attained under conditions of 240 min and 150 o C, where only a peak (PCB no. 5, 8) was found in treated transformer oil as a result of consecutively dechlorinating reaction. Average DRE of PCBs, as shown in Table 2 , was 99.99% or better. It was observed that complete destruction of PCBs in transformer oil could be achieved by conducting the reaction for a longer period of time at higher temperature.
In this report, we have completed a laboratory evaluation of the chemical reaction of PCBs with PEG and KOH in transformer oil. Several key points were made: (1) The reaction was carried out in transformer oil directly. In the case of PCB-laden transformer oil, from the practical view-point, dechlolinating PCBs directly in oil is a suitable disposal method. To the best of our knowledge, most of the dechlorinating processes for transformer oil containing PCBs have implemented in various organic solvents. Recently, nanometric sodium hydride (nano-NaH) and transition metal catalysts have been directly used to dechlorinate PCBs in transformer oil 19 ; (2) The chemical reagents PEG and KOH used in this study are common and fairly inexpensive. Hence, the cost of oil decontamination might be below any available alternative disposal costs; (3) Certain PCB congeners, PCB no. 77, 105, 118, 123 and 169, are approximate isostereomers of the most toxic 2,3,7,8-TCDD (2,3,7,8-tetrachlorinated dibenzo-p-dioxin) in their coplanar conformation. It is apparent that such toxic PCB congeners are easily removed by PEG under basic condition; (4) The operation of reactor system is simple and safe, requiring no special precautions.
Recovery of the treated transformer oil. After completion of the experiments, the reactor content was drained into a vessel and cooled to room temperature. The treated transformer oil was segregated from the contents by filtering, washing with water, dehydrating under vacuum, and centrifuging; this resulted in precipitation of PEG, KOH, Al, and reaction products. Such segregating steps described above constitute standard treatment of treated transformer oil before reuse.
Conclusion
We have developed a safe, inexpensive, and efficient chemical dechlorinating process for the disposal of PCBs directly in transformer oil. The numbers and peak height of residual PCBs in treated oil were gradually decreased in order of Aroclor 1260, 1254, and 1242 with increasing the reaction temperature and time, which is the characteristic of consecutive reaction. In PCBs/PEG/KOH system under experimental conditions of 150 o C and 4 hr, the destruction and removal efficiency of PCBs including certain PCBs (PCB no. 77, 118, 105, 123 and 169), which are responsible for their toxicity, was equivalent to or better than 99.99%. Furthermore, another interesting feature of the process is that it permits high recovery of the treated oil through simple segregating procedures.
